liloom temperature was kept constant eters were inserted percutaneously, 3 ere attached to each catheter ee-way stopcocks as illustrated 85-cm, number 5, birdseye was inserted percutaneously nedian basilic vein and advanced vena cava. This was attached uge manometer and a pneumatic to make sudden, single injections of Coomassie blue dye. The movement of the plunger of the syringe was recorded by means of a linear potentiometer so that the time and volume of the dye injection could be recorded.
A 20-gauge thin-walled needle was inserted into the left radial artery and connected to a strain-gauge manometer, 3 a cuvette-oximeter 4 assembly, and a constant-rate infusion-withdrawal pump.t Through a 19-gauge thin-walled needle inserted into the left brachial artery, an 80-cm, radiopaque polyvinyl catheter (I.D. 0.55 mm, O.D. 0.8 mm) was advanced so that its tip was in a position in .the aorta near the subclavian artery. The catheter was connected to a straingauge manometer. Through a 17-gauge thinwalled needle inserted into the left femoral artery, a 27-cm nylon catheter (I.D. 0.9 mm, O.D. 1.2 mm) was advanced to a position near the aortic bifurcation. This catheter was attached to a strain-gauge manometer, to a cuvette-oximeter assembly, and to a constant-rate infusion withdrawal pump.t Through a 19-gauge thin-*United States Catheter Company, Glens, Falls, New York.
tHarvard Apparatus Company, Inc., Dover, Massachusetts.
98

ZITNIK, RODICH, MARSHALL, WOOD
Manometer
Mariomete
FIGURE 1
Assembly for continuous recording of thoracic aortic blood flow by constant-rale, dye-injection technic. (from reference 2) walled needle inserted into the left femoral artery distal to the 17-gauge needle, an 80-cm radiopaque polyvinyl catheter was advanced to a position in the aorta several centimeters downstream to the origin of the left subclavian artery. This catheter, which was attached to a straingauge manometer and a pneumatic injection syringe, was used to make constant rate injections of indocyanine green dye.* A sudden, single injection of dye was made through this last-mentioned catheter to be certain that its tip was positioned sufficiently downstream to the left subclavian artery so that only recirculating indicator would be detected at the left radial-artery sampling site. All catheter positions were checked by means of a roentgenogram.
Indicator dilution curves, electrocardiogram, heart rate, revolutions per minute of the bicycle ergometer, respirations, pressures, and positions of the plungers of the syringes used for injections of dye were recorded (fig. 2) by means of a photo-oscillographic assembly. 4 The cuvette oximeters were used with the red and infrared photocells operating independently. 5 This allowed the simultaneous use of two indicators, Coomassie blue dye, having a peak spectral absorption in plasma around 590 millimicra 6 (red-photocell range), and indocyanine green dye, having a peak spectral absorption in plasma around 800 millimicra" (infrared-photocell range). In the amounts used, the blue dye had no effect on the infrared-photocell base line, but the green dye did lower the red-*Cardio-Green supplied through courtesy of Hynson, Westcott and Dunning, Baltimore, Maryland. photocell base line. Saline injections in the amounts used had no effect on either base line.
Compensation for the effect of green dye on the red-photocell base line was made by assuming, when sampling arterial blood between successive injections of blue dye, that depression of the red-photocell base line below that recorded prior to each green-dye constant-rate injection was due to green dye. The total red cell baseline deflection, at any time, was converted to a value for the concentration of blue dye by means of a calibration curve determined by adding known amounts of dye to each subject's blood. The red base-line deflection just prior to a sudden, single injection of blue dye was similarly quantitated from the same calibration curve. This amount was subtracted from the total deflection during the blue-dye curve, giving the actual concentration of blue dye for any given time.
The protocol that was followed began with sampling of blood from the left radial artery and femoral artery. A sudden, single injection of from 20 to 30 mg of Coomassie blue dye was made into the superior vena cava, followed in 20 seconds by a constant-rate injection, 60 seconds in duration, of 100 ml of a solution of 0.25 mg/ml of indocyanine green dye. A second, sudden, single injection of blue dye was made 50 seconds after the onset of the constantrate injection during resting procedures or after 70 seconds during exercise procedures.
This protocol was repeated for successive periods in each subject, as follows: at rest, before, and during the onset of right-leg exercise on the bicycle ergometer; after five minutes of exercise and at the cessation of exercise; and after five-and ten-minutes' rest after exercise. Each procedure was separated by approximately five minutes. The speed of pedalling during the period of exercise was monitored by the subject with the help of a tachometer mounted in his field of vision. Each subject attempted to maintain a steady speed of approximately 50 to 60 revolutions per minute throughout the period of exercise.
Cardiac output was determined from the sudden, single blue-dye injections by means of the Stewart-Hamilton technic. 8 ' ° Volume flow in the aorta was determined by the volume-flow method of Stewart 8 as described by Grace et al. 1 The radial-artery sampling site was related temporally to the femoral-artery site by measuring the differences in the times of appearance of dye at these sites after each of the two sudden single injections of blue dye, which were done at the beginning and end of each constant-rate injection of indocyanine green dye. If these two intervals differed by more than one second, the difference between them for each instant during the constant-rate injection was obtained by interpolation. Since only recirculated green dye appeared at the radial-artery sampling site and since the radial and femoral-artery sampling sites were related in time, the concentration of recirculating indicator at any time could be determined from the radial-artery curve and subtracted from the total concentration recorded at the femoral artery. Thus, the primary constantrate injection curve was corrected for recirculating indicator.
Original photokymographic recordings of physiologic variables and arterial dilution curves recorded simultaneously from abdominal aorta and brachial artery during onset (upper panel) and termination (lower panel) of six-minute period of exercise by healthy 35-year-old, 80 kg man. Constant-rate injections (60 seconds in duration) of indocyanine green dye (1G) into aorta and two, sudden, single injections of Coomassie blue dye (CB) into right atrium were done during both recordings. Thirty seconds after start of first constant-rate injection (upper panel), subject began exercising as shown by record of revolution per minute of bicycle ergometer (labelled exercycle). Note that IG dye produced small deflection on red photocell base line (CB), but CB dye produced no deflection on infrared photocell base line (IG
The temporal relationship of the constant-rate injection curve, recorded at the femoral artery, to other physiologic variables was determined by subtracting the time required for the appearance of indocyanine green dye at this site after the onset of its constant-rate injection into the thoracic aorta.
Oxygen uptake was determined for three subjects by analysis of expired air collected during rest and exercise. Two subjects exercised while breathing oxygen, and their oxygen uptake was determined from spirometric records.
Mean aortic pressure (MAP) was calculated by means of the following formula: MAP = diastolic pressure + 1 / 3 (systolic pressure minus diastolic pressure). Lower body resistance (LBR) was calculated in dynes sec cm-5 using MAP and thoracic aortic blood flow (TABF). All variables were determined at one-second intervals. Figure 3 illustrates the results obtained in one subject. Time is expressed in seconds with 0 seconds at the onset of exercise. The control period included the 30 seconds just preceding exercise. Breaks in the base line denote time between constant-rate injections. At the onset of exercise there is an immediate decrease in lower body resistance (LBR) at the same time that thoracic aortic blood flow (TABF) increases abruptly. Mean aortic pressure (MAP) shows a slight transient decrease and the heart rate (HR) increases. As exercise continues there is a further fall in LBR and increase in TABF with a slower increase in HR and MAP. All values tend to reach a plateau by 30 seconds; slower changes in the same direction then occur during the remainder of the exercise period. On cessation of exercise after five minutes HR and MAP decreased with little immediate change in LBR or TABF. All values returned approximately to control levels after five or ten minutes' rest.
Results
The results in all five subjects were very similar ( fig. 4, tables 1 and 2) . In four of the five subjects, TABF was slightly less during the resting determination (about 15 minutes prior to the period of exercise) than during the control period of 25 seconds immediately preceding exercise. By five seconds after the onset of exercise, LBR decreased on the average to 74% of control values (range, 32 to 109%) and the TABF increased to 136% (range, 81 to 301%). MAP averaged 101% (range, 93 to 105%) of the control values, and HR averaged 125 beats/ min (BPM) (range, 113 to 144 beats/min). After 10 seconds of exercise LBR was 51% (range, 27 to 71%) and MAP, 93%) range 88 to 96%) while HR and TABF continued to increase.
At 25 seconds after the onset of exercise, average LBR was 56% (range, 34 to 79%); TABF, 169% (range, 125 to 308%); MAP, 100% (range, 96 to 104$); and HR, 129 beats/ min (range, 111 to 144 beats/min).
These values tended to reach a plateau, with further slow increases to a fairly steady state reached after five minutes of exercise. LBR was 44% (range, 26 to 62%); TABF was 247% (range, 178 to 337%); MAP, 117% (range, 92 to 131%); and HR, 147 beats/min (range, 127 to 177 beats/min). At this time cardiac output had increased 151% (range, 122 to 178%) and mean oxygen consumption had increased from 250 ml/min (range, 200 to 330 ml/min) to 1050 ml/min (range, 710 to 1490 ml/min).
MAP decreased slightly at the onset of exercise in all subjects; this was most evident at 10 seconds after the onset of pedalling.
A typical response ( fig. 5 ) consisted of an immediate reduction of MAP, despite a large increase in TABF. In another subject, changes in respiratory position at the onset of exercise modified the amount by which MAP decreased, but never raised MAP.
Comment
Many of the cardiovascular responses to exercise have been well established. 10 " 16 Heart rate, for instance, increases immediately within the first beat after the onset of exercise. 10 It then rises to a maximum rate by two to four minutes, if exercise continues in a steady fashion with less than maximum effort. 10 These effects were again demonstrated in the present study. 
Circulatory responses of five subjects to right-leg exercise (bicycle ergometer) in supine position. Time is expressed as average for all five subjects from zero second (onset of exercise).
Notations otherwise are same as in figure 3 . Note that in all subjects, with onset of exercise, there was immediate fall in lower body resistance to blood flow and rise in thoracic aortic blood flow. Mean aortic pressure decreased transiently (maximum reached in all cases by 10 seconds) despite rapid increase in thoracic aortic blood flow. Heart rate increases immediately. Most of cardiovascular responses occur rapidly within first 30 seconds and tend to reach plateau after five minutes of exercise. All values returned approximately to control levels after five and ten minutes' rest. Contrary to previous reports, 17 " 10 the present data indicate that, at the onset of exercise, mean aortic pressure decreases (to a minimum by 10 seconds) at the same time that thoracic aortic blood flow is increasing rapidly. These changes in aortic pressure and flow are consistent with recent observations made in dogs at the onset of treadmill exercise 20 and confirm the occurrence of an immediate decrease of lower-body vascular resistance, due undoubtedly to a sudden vasodilatation in the exercising muscles. 21 This decrease in aortic pressure at the onset of exercise may be an adequate stimulus to baroreceptor activity.
That baroreceptors have a role in the regulation of heart rate and vascular tone has been established, but many facets of their action have not been well defined. 22 No good information exists concerning the extent to which this mechanism regulates stroke volume. Its part in mediating changes in heart rate and vascular tone is better understood. 22 Available evidence points to either a change in mean pressure or a change in the form of the pulse wave (dP/dt) as an adequate stimulus for the baroreceptors. 23 ' 24 The time constant for input to effector-action is rather long with regard to changes in vascular tone (10 to 15 seconds) but very short with regard to changes in heart rate (0.2 to 1.2 seconds). 23 ' 25 Stimulation of the sinus nerve itself changes the heart rate within one beat. 23 These findings are therefore compatible with Circulation Research, Vol. XVII, August 1963 the concept that baroreceptor reflexes play an important role in the initiation and support of the early cardiovascular responses to exercise. They do not establish the mechanisms responsible for the cardiovascular adjustment to continuing exercise.
No information exists as to the immediate changes in stroke volume in man at the onset of exercise. As exercise continues, with the subject in the supine position, stroke volume changes very little from that of the resting state, and increase of cardiac output is accompanied chiefly by an increase in heart rate. 26 The data obtained in this study do not allow a definite statement as to changes in stroke output. The dye curves obtained after sudden, single injections of Coomassie blue dye were satisfactory for the determination of appearance times but not entirely satisfactory for the determination of cardiac output. This was due to shifts in the red photocell base line caused possibly by changes in blood oxygen saturation, background indocyanine green dye, and other nonspecific factors. It can be noted, however, that the total thoracic aortic flow per stroke did increase markedly with exercise (table 2) . Most of the cardiovascular responses to this type of exercise are very rapid and occur within the first 30 seconds, with further slow changes to a fairly steady state by five minutes of exercise. All parameters in all subjects tended to return to their resting values after five and ten minutes' rest as has been reported previously. In~lr>
Summary
The constant-rate-injection, indicator-dilution technic was used to determine thoracic aortic blood flow before, during, and after five minutes of single-leg exercise (bicycle ergometer) in five healthy male subjects in the supine position. Resistance to blood flow in the lower body and mean aortic pressure decreased immediately at the onset of exercise, at the same time that thoracic aortic blood flow and heart rate increased. There was a further slow rise of heart rate, mean aortic pressure, and thoracic aortic blood flow along with a decrease of lower body resistance until fairly stable levels were reached after five minutes of exercise. After five and ten minutes' rest all values tended to return toward those observed in the control state. These data are consistent with the concept that baroreceptor activity may play an important part in the early cardiovascular responses to exercise in man. Most of the cardiovascular response to this exercise occurred in the first 30 seconds.
